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AlmLI  act

‘J’IIc IIlaill  colltril,utioll ofillis ~)al)cr is to l)llt sial)ility rtxluirclllcllts  for c{)l)vcrp:llcc  of c/irfcl:,cl:tl)tivt
I)criodic colltro]lcrs 011 e q u a l  foolillf, wi(ll  rcqllirc]llc]lts for i]/rr’i7fr/ aclaj,  tiw ])crioclic  co]l[ roll as set
f{,rtll  lIy J,CJZiillC) [19]. ‘J’l Ic rcsull,itlp,  stal,ilily collditiorls  a r c  sillll)ly that ttlc IJlallt  or(lcr allcl d e l a y
arc klIo;vlI  a-l,riori. No l)rior l{lIowlcd/;c  of tllc ])lallt lli~,ll-fr(,cl~l{]lcy gai]l  i s  uscdj illld  I)erbistc]]t

cxcitatio]l is IIOt rcquird. illow illl~)ortatltly,  II(I aw+ulll~)tio]l or lil Iowlcdg,  c is r(:quircd  as to l~llctllcr
tlIe l)lal  It is IIli]litl]ulllor II()]l]]li]lirlllllll  lI}I:isc.

AII i]ltrig~]illg  l)m~)cr(y  a s s o c i a t e d  wit]l  p,c]lcraliwd sall]l)lilip,  ]Ilccllallisl[ls is tllcir al)ility to Ielocatc
lralls]nissio]l zeros of t}Ic l)la IIt. ‘1’lIc ~)otrl,tial  l)cl Icfit of salll[)lillg for zcr(] rclocatic]l]  \vas IIotcd
irl t}lc l)al~cr  lIy Astro]ll, lla~filldcr alI(l SicllIl)y [2]. Slllwquc]lt rescarc}l  irlvcs(ip,atcd  aI~l)licalioIls
of ~,cltrralizccl  saI]]J)li]]/,  ]Ilcclja]lisl]js tr] sIlcl I }Irolllcllls  a: rol)ust  c(~l)trol , silllllltal]c{)lls  sta}]ilixatic)r],
sc])sitivit,y Iliilli]]liz;ltic,ll, ?rItcl 7,CIC) ])laCtlIIClIt)  cf., [10][1 1][1S][17].

(;c]lcralizd salllljlill?, calI tlakc IIIalIy  difl’crcilt  fc)r]lls, e . g . , ]Ilu)tiratc sallll)lillp,,  ])ctiodic cont ro l ,

Ccllcralizc’cl  s;IIIII)lc- aII(l-lIc)l(l, ct, c. hlc)st ~l~ljrc);lc]lc~ lIavc  HII i]ikrj,rctatio]l as  a  Irlatllc]i]atical ‘<lift-

ills” wl]crc a serial to l)aralle] cc)llvcrsiotl  i s  ~)crforl[lcd  olI tllr }Ilal It itll)ut, aIId outi)ut si:,llals,  aIId
IIla})l)itlp,s are collsidmd l)ctwccll  tlIc vectorimd ql]illltilics,

I I I  lmzarIo [19] aII illlljortaltt lif[il, g w a s  illtroducc{l for \vllicll  tlIc tratls]llissio]l  7{r(x  a r c  a t
tllc orip,i]l.  SUCII  lifti]lp,s  a r c  dcIIotcd }Icr< as ,?Cfo rr7/ni/filrr[io]/ (Y, }f) liftirl~,s.  (;c]]crai cotlditio]is

c}]arac~cri~itlg  tl]c ZA IJroi)crty CaII I)t fou:icl ill IIayard [5], aloIIg  wit)]  scvr-ral  c~lcl~dcd Lori:o?l
liftirig wrsiolls ~vltic}i s a t i s f y  tllr XA colj[litio)ls. l;x[rlJdcd  IIolizo])  liflillg,s  lIaYc tlIc  a(lvalltap,c  (If
rrdllcill~ rcquird col)tro]  t o r q u e  alI(l tllc si7r of tlIe  tlallsirllt rrwl)orlsc, aIId lIavcI I)c{,rl al)j)licd  to
l)rol)lcllls ill o])tica] il]st,rllll)cllt  ~)oil)tillp, [8], alId  stluctura] Vil)ratio)l  dalll~,i)l$, [7].

‘1’IIc tral]s]llissiol]  xc].os o f  tile X/~ lifted ~)lalIt are at ttIc  orip,irl r(,gardlrw o f  lvllctl]cr tl)c  original
~)latlt is llli]lirjlulIl c)r IIc)lllllillillllllll  ~)lIasc. ‘1’llis is itll~,ortallt sillcc  it ~)rovidcs  a rIICa IIS lJy lvllicl) a
Ilcllllllirlirllllrll  ~)llase l~larlt CaII lW ‘(trarlsforl]led” irllo a  rllirlirllulll  \,lI:Isc lifted I,larlt. lrl lip,llt of this
l)rol)crty, it is Ilot  sllrj,risitlp, that several  stirl)lc ada~]tivc  c(~rltrc)l a~,~]roaclles  for II(,llrllirlilllllr[l  ~)llasc
systcrrls lIavc  t)wri  devclo~,d I]asd olt suclI  liflirtp,s  [4][19][21][21],

of l)ar~icular  illtcrcst arc tllr ad:il, tivc colltrollms  of l,warlc~ [19] [21]  [20] ,  ‘1 IIcw ii(l;\])tiV(’ corl-
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2 I) ACKGIWUN1)

A  l,ricf ovcrvirvv  of mm arl]lillilatirlg, lif{irlp,s is g,ivcll irl Alli)clldix  II. ‘J’lIe })larlt rv],rcscrlt;ltiorl aftcl
ztro a]l]}illilntirl.g  liflill~ is of tlIc p,(,llcral fc)rlll (cf., (11.4)),

It is cllll)ll:lsimd  t}Iat  alIy co]ltroll:il)l~  a]Id olwerval]]c  lirlcar tilll~-irlvariarlt  l,l:~llt car) I,(* lifted irlto
tllc forlrl  (2.1) usirrg  c]rlly krto~vlcd:;c  of its I~la71t ordc,r  altd delay [1 9]. l’ur~}}erlr)orc, llIc IIo]lsillgulariiy

of 1 /  is c]ls~]rcd si]tll]ly  l)y tflc cc)]l{rc)]l:[~)ilily aIId cr]wrva])i]i~y  of t]ic ori:,illfi]  (u fl]iftcd) I)]aTI( a r i d
d o t s  ]Iot dc})ctId 011 lvllctllcr  tllc tmc (lllllif~d) ~~lallt is IIlillillllllir  or IIc)rlr llirlil  lllllll-l)llfisc.

‘J’IIc discllssic)ll  wi l l  focus C)II dcvclojlill~,  a sta})l( adal)tivc law for (2.1)

A  rcarrarlp,c)rlcrlt of (2.1) gives tlIc cqllivalorlt  ~,larlt rcl,rcs(tlt;iti(lrl,

(?.4)

licj)r(sc]lt~ttic)]l  (2,2) i s  said to IIC irt l,i)i((lf  ’ (:on/lo/  1’07J II ( c  f . ,  (;m)(l~virt ar)(l Sirl [14]) since tlIc
corlt, col is rIII ullkr]c)lt,rl lirlcar collll]irlatioll  c)f IIlc:is[lrmd Sig; rlill$,. OIIc illll)ortallt :ldvarl(a~,c  is ttlat a

dcad~)cat colttr’ol]er  C?IJI IIC wriLtc{i dircc(]j’ ill {cr]ll.s of t)le  gai])s  )}” ;irld ], FIS fo]]o}vs,

l)crl(l(l(rlt  (;[)11[701
u; : I{}’\. ] -1 1,}: : 01: (7.5)

(7.6)

lvllcrc Ykd i s  a sl)ccificd  trajectory to t:c tr:iclicd l)y }’~ llclIc(, i t  i s  orlly  rlcccssary to wtirllate 1(
a]Id 1, irl (2.2’) ar)(l tlICJI “coj)y” tile Cstir]]atcs for irlll)lcrllcrltillp,  tlIc  dcadlIcat COJltrO] (?.!,),

IJozarlo  IIas  devcloJIcd  scl,cra] ada]~livc  cotltcol  ill)l)rO:iCllcS  [1$)] [21][20], I)asecl olI tlIc  rc})r(scrlt:b
tioJl  (?.1 ). I,07:IJI0’S a~)l)ronc]lcs  arc “irldircct” ill tllr sI,l Isr tlla{ tl)c  I)lallt  j)ararllctcrs ~1 aIId 1 1  arc
first cstirliatcd fro],, (2.1) alId  tlIc]I uwd to cc)r]ll~l]tc tlI( co]ltrol  gaill~ I i  alId 1, ill (2.2)  usillp, tlIc



I I I  Cw]llrasl, to lwaIIo’s al~llroacll, tilt }~rcsc[lt II:{l)cr w i l l  focIIs  (I I I  a “dir [et” ;Ld:II>l i\r’ scllc]l)(’.
Ill a (Iirccl scllclllc, tllc F,aills A’ ;Ill(l 1 ill u)lllrol Iill\’ (?.:)) arc Wlifllilt(’(]  (Iirfctly frolll  tlIc  I)laltt
r(’l)rcscltttlticllt  (2,2). l;arlicr Stal)lc  direct adal]tatio]l scl Ic]IIcs Ilil\( I)ccil  drvclol)cd for l,criodic
coll(rol ill ol’l  Cgii  [ 2 4 ]  alIcl IIayard [ 4 ] .  ‘J’llc IJrcs(,llt  (Iircct tl(lil])ti\,(  aljl~roacll  is sirtjililr to tllcwc it)
[ 2 4 ] [ 4 ] ,  cxcc,)t that Ll,c lkcursiw l e a s t  Sqllarcs (ltlS) alp,critl,]l, ,vill l)c used  rat]icr tlii], si)[l]lc
IIorlrlalimd  l)rc~jcctioll , alId  trltlill~,  w i l l  l~c l)?lS  (,(1 (Ir  I IIlitlillliza(ioll of tl)c  iriljut crrwr  r:(lllrr tll~ltl tll(
outl,ut,  crrwr.  ‘J’l]c advaIIlagc  of t h i s  al)l)ro:lcll  i s  tl)at 07/1!/  k?lowlcdgt  of plcrnl 07dcr  ond  dcla!l  2 s
mqui7{~/~or  sl{{bili{y, i.e., ~}tc rcqllirclrlmlts  for ])rior  l~artial Markov IJar:ltltc(cr illforlllittioll”  ill IIayiir(l
[4] aIId  for cxisk,)cc of l,y+il)llllov  cqllatioll solutions ill ortrp,d [24] lIavc  IJCCII rx,laxcd.

AII [I(IcIc(1 l)c~lefit of dirccl adal)tivc corltrol i s  that IIlltllcrical irlvcrsioll  of ttlc cstilllt,tr 1/ of 1/
i s  avoi(l  cd,  ]Iowcvcr, CVCII tlIOIIf,lI  }1 i s  IIot illvcrkd, i[s ll(~tlsillp,~ll:llity i s  s(ill lcquir[d to cllsurc
adal)tivc st, al)ility.  llc]Ice,  tlIr7  ])o]ar  (lccoIrll)c)sitiorl” illtrodllcd lIy lmalIo \vill I)c lIcdA to col II I)lctc
tllc stal)ility j)rm~f,

Several silllulat,ioll  s(udics irldicati]lp,  tltc j)crforrllatlcc advalttap,(s  oft]lis direct ad:ll,tivc al,l)roac]l
lclativc to (lie  earlier direct alJI)rwaclIcs  ill [24] [4]  CtIII  I,e fout,  d ill J~(ku\)owslii  ct. al., []{)]  []6].

Silll})ly  s~atcd, tllc IIlaill  coljt,ril,utioll  c)f this l~al)cr i s  to l,ut sta}lility  rcquirclllcrlts for c(,ll\,tr-
~,cr Icc of di rect  ada})tive l,criodic colllro]lcrs o]) cqua] foot  illp, \vitll  rcquirerllc]lts  for illdil-cct  adal)tivc
l)criodic  collirolj  a s  ~,1}1 foi-ttl l,w,:trto  [19], ‘1’il(, rcsulti)lp,  shl)ilily cO1lditiOIls are sirlll)ly that tllc
l)larlt, order afld  delay arc  kII()\v  II +J)riori, No l]rio]  Iitlolvldgc of tllv l~lallt  IIig]l-frcqucllcy ~,airl i s
Ilsrd all(l  ~)crsistc~l]t cxcitaiioll i s  IIc)t rcqllird. Nlorc  illll~orklltlyj ]to assurlll~tiOll  or  kIIo\vld~c  i s
rquircd as to wltctl)cr llIc  l)laltt is  IIlillillllllll 01 lioll]l)irlililllll)  })IIMw,

3 Sr.rAlll,lI;  AI) AI) ’J’IVF; (: ON’J’]{,()],

III this scctic)l),  a stal)lc di rect  :[dol}tivc  co]ltrollcr is defi]lcd  for  tllr I)I;II,( liftitl~,  (2,1).

3 . 1  ln])ul,  l’rcdictio]l  l’;rror

(;ivcll arl cstirllatc 6~. I of O avail:tl)lc a t  titllc 1, C,IIC call c(,llstruct tllc illl,l]t j]rdictioll,

Wll(w,

Ok. ] A ok.  ~ [) (3,9)



3.2 Nor]] lalixcd Sip)]lals

1“01  aclal,talio]l l)url,oscs, it is IIs(flll  to df,fill(. tilt.  f{)ll(]tvitl~; ll(lllllil  IiZC(l qlldll(  itics,

JVllcrc tlic llcJrlil;lliz:lt,i(JIl  fac[,or  is dcfi II{,d l)y,

7/k ~ 11} ’1-1[-l /]} ’k. Ill (:{.11)

l~ividirl~,  tllroug,}l l)y 7/~ irI (3.8) dcfirlm  tllc IIorrllalizcd I]rcdictio]l crrol cqunl,ioll,

~;k A ok. ~P~ (3.19)

3 . 3  A  da]jt,a{ioll  Algoritljln

l;qllatioll (3.12’) is a littcar-ill-  tllc-}>?lrtlllicter  error cx[,rcssioll fol wllicll  II IaTIy adal)t?~t,ioil  II IC(IIOCIS
r,.al)l)ly,  1 lIc dl.sell.ssIolI IIcrc  }vIII focus (III tllc hl:itr)x  l’alalllckr l{ccltr.sivc  IJcas L S(jllarcs (h! I’-lll,s)

algori(lllllj

M1’-lil,,5 Arioylalioll Aigolilllllt

11 is

1’1:

1’2:

1’3:

1’4:

1’5:

1’6:

1’7:

1’8:

1’9:

(3.13)

(3.14)



I)y its cstitllatc, i.e.,

(3.15)

(3.17)

(3.18)

wllcrc tllc. lic)rlllalimd tr:lckill~,  crrmr is dcfil  Id ?Is

tk : - ‘<b
1-1 Ilk

(3.19)

lk]IIark  1  l“or coIItro] ])url)crscs, it is des i red  for the cIut I)ut tracking error 10 cc)llvcr~,c to zero .

(;ivctl that ~~k $,ocs tx, zero by ~)rol,crty  1’4 of tlIc csti]ll ator, it is clear flolll (3.1S)  tlla{ g~ lvill also

:,o (o xcro  if g(l,k. 1) is I)oul]dd a}vay’ fro]ll  mro. llllforturl;ttc]y, }vliilc tile t rllc  F,aill 1, sz~(isfics tl]is
l,r<)})clty, (,IIc cstilliate ~,~ },roducd fro)ll tllc rccursivc cstirllati(,li sclIclIIc  )IM  IIo  Sllcll p,u:lralltccd
l,rol)crtiw. ‘J’lIc ~)ossil)lc  sing, ularity oftlle cstililate l,k dcstrojw t]lc  :I1)OVC ar$,u]tlcllt  for  collvcrgc)lcc
of tllc tracking crrol aTId is tllc cssfncc of tllc d i f f i c u l t y  aw~cicltd with ~lrovirl~, s[at)ility.

3.5 Adal)iive  C;OIJ(YOI  1  AW - Modifid

lmz:IIIo  ovcrcalllc tllc sirkgularity l)rol)lc]ll  for  ilidircct adal)tivc coll~rol  il~ [19] I)y illtd{lcillg, a
II)odificatic]ll  of tllc ~llatrix cstirllatc l)ascd  0]1 a IIolar (lccc)lllI~ositicJ~l. A  silllilar al,llroacll  w i l l  l)c
usrd IIcrc  for  direct .adaIJtive  colltro].

(hllsidcr tllc IIlc)dificd  cstirllatc,
t)A. = 6k -1  II!kl”k (3.20)

I<A. : [(l l(Jk] (3.?1)

IImc, IIlatrix Qk dctml)illcd froltl a poia7  dcco?l{posillo)l,

lik :  Q~,q~ (3.22)

}vl)crc Q~ i s  a  real Ortllogollal ]rlatrix, :IIICI  ,f’~ : .$:’ > (1 ( c f . ,  ]Iarllctt [3]). Note  tlia~  tlIe  i)olar

decolll~)mit,ioll  (3.22) is silrlilar to tllc standard Q1/ filc[c)riz~ltic)ll, (i. e., \Yllcrt  Q is ortllogotla]  arid It

i s  ulj~)cr triangular), CXCCj)t !Ilat ,$~ is sylllrllctric arid rlc)tl-llcp,ativc  dcfirlitc. [Tc)rlccJ)tll:tlly, t}lc I)o]ar

(lrc~))lll)c>sitic)ll caf] I)c writteil ill tcrtlis c)f tllc sirlp,ular  Y:+lILC (lccc]lll~lc)sitic~ll  1,~ : [ll;\’7 as f o l l o w s ,

lk = (uv7’)(V);  \’~ ) (:{.23)

b



(3.24)

(3.25)

(3.?6)

(3.27)

(3.28)

(3.29)

‘1’}Ic  ]Ilciill  rwalt is  p,ivc]l IICX1

‘I’1l(!O1. <:111 1
lmt tllc lifkd l)lallt (2.1) I,c cc)l)t]ollcd  I)y tllc l)lodificd  adal)tivc cc]lltro] (3.24) a]lcl hlJ’-l{l S cslirrl:h

tioll alp,oriilllll (3.1 3 ) ( 3 . 1 4 ) ,  k follow  tl~c t)c)allclc{l t[ajcctc]ry 11)’~?ll < t;. ‘J’lICII tllc sip,llals  (lL- and
>’\., rc)llairl bolllldccl  and tllc t r a c k i n g  error goes  to Yero 2isy1111)tc)tic:llly,  i.e.,

(3.30)

]’mof: I f  (lIC IIiodifid adal)tivc corltml ( 3 . 2 A )  i s  a})j)licd to tl{c JIlallt  (2.1) at cacll  tililc k, tl)e
llOrlllalizcd illl)llt ~)rcdictic]~l error (3.10) I) CCOIIICS,

(:!.31)

‘J’akil,g  tllc lilllit of Imtll sides c)f (J{.34) and al)lJlyil\p,  (1’4) and (1’8) y ie lds ,

(3.33)

(3.34)

(3.35)



Iitll
fk

0
LICK 1 -1 7/~ “

(:{.36)

Note also tllil(,

- IIskll” >: ll&’112
(1 -1 ?/k)” - 1 i -1 7/;

(3,37’)

Wllcl(  IV(  IIavc  Ilscd  tllc fact ttlilt  ?l/k  .< 1  - 1  ))~. (;olrll)illillg rxslll(s (3,36)  and (3.37) ii follc,lvs tllatl

,i,,, JIfkll” , ~,
k- ),., ] -} ?/:

Now co]lsidcr coIIvcrgcJIcc  of tltc tltlrlorlli~lli~c(l  track i]i~, e r r o r  gk. [Jsirlp, lltc trialip,lc itlcq~iali(y,  OIIC
cal  I verify tllc following lillcar Loutldcd]lcss corlditic]ll,

wllcrc c1 : ?K > 11)’$. ,11-1 1[}’$1[  slid c~ = 2, (Jivcll  col I\’crgI\lIcc of (3.38) aIId litlear l)oIIIIdcd  IIcw
cc]]l[litio]l  (3.40), tllc Kcy ‘1’cc}l]licdl  IZctfll]la ((;oodjvi[l  a r i d  Sirl [14]) crlsurcs that,

al]d  l}lat ?)~ rclllait]s bou]ldcd. lk)ul Idcdl  Icss o f  T/~ irrll)lics  tllc I)ollliddtlcss of l’~ wllicll  togctl)cr
\viill 1’3, 1’5, a]lcl (3,24) iIIIl)ly  tlIc l)ou IIdcd IIcss of lJk. m

l{c]iial.k 2 II I  ligltt of tlIc d i s c u s s i o n  irl l{clllark 1, tllc Itlaill  i d e a  IIctlirld  tllc sifil}ility  Ijroof call
lx Illlderstmd coIII)Jlctcly  frolrl ( 3 . 3 4 ) .  ‘J’l(is ]c}atioll  uws tlIc lrlodi~icd  gairl  1, a r i d  lI:Is t}ic  cx[ra
tcr]l) I{L. 11~.  jiA. cO1rt]mrcd  ~vitll cquatioli ( 3 . 1 8 ) ,  discussd e a r l i e r , ‘J’ltis cx(ra tcr]li is  d(]c to tllc
)Ilo(lificatioll  (3 .20)  c]ft)llc ~>arallldcr Cstilllatc.  Sc)l])c!vliat  rcillarkal)ly,  tljis tcrtll v:ttiisllrs l~y l)ro~)crty
1 ’ 8  of L}IC  cstitll:itor. Sillcc  tlIc ~llodifid cs~itliatc j,k. 1 is l]ollsill~,ular  l)y dcsigll  ( i .e . ,  J, CIIIIIIa A?),
(lie sial)ility l,rcmf  o~ltlillccl ifl }trl IIalk  1 is recovcre(l.

It a]l}~cfirs that ~,ro])crty  1’8 was first used for l~rt)vitl~ ada~)tive  stfil,ility ill tile JIalwr  I,y I, OZZIIIO
aIId  (Joodwill  [2?], altlloug]l  tltc idea i s  illl~~licit ill al I car]icr ~]al)cr by 1 ’ .  dc l,arllii!lat [?5]. ltI
[??], 1’8  f o l l o w s  as a ,~ro~crty  of tllc ]Iorl[,alizcd 1{1S alp,oritll,i~  witl]  co]lsta],t t race.  Altlic,up))  tl,c
colls~allt,  trdcc is drOI]}Jcd ill tllc J)rcscllt  IV1l’-l{lf  S al~,orillll[l,  it earl bc slIo\v II (cf. [6]), that l~rol)crty

1’8 follows directly frorl]  collvcrgc]icc

4  CON Cl,lJSIONS

It is S] I(WJI that only’ kllO\V]Cd&C of  tlIc  l)lar~t o r d e r  afId  d e l a y  i s  rcquird  to achieve stal,lc direct
adal)tivc cc)lltrc)l c)f Ilollrl )illill  ll)Jll~~llzisc sj’s(c)  IIs Ilsillg  !)criodic  cor](collers.  ‘J’llis r~laxes rcquircrl]cljts
f o r  stal)ility fc,urtd ill car]icr d i r e c t  adal,tivc ~lcriodic  colltro] a~)~)roac]lcs iltvolvillg tlIc  cxistcllcc c,f
sollltiolls (c) ],ya~)uttov  cqn; itio]ls  [24], or ~)artia]  l)lal  It Nlarkov  l,ararllcter kllol~lcd~,r  [ 4 ] .

As a result, stability requirc]]lcllts for  collvcrp,cllcc  of dir<ct  ada I)tivc  l~eriodic  cc,lltrollvrs tire IIOIV
011 cqual footill~,  \\, itll rcquirclr)ellts fc)r illdircct  a(lal)ti\,c ~)criodic  co][t roll {is cstal)lisllcd ifl tlIc  Ivork
of ]Xw,dll[)  [19].

l)cs]litc tllcorctica! s~al)ility results, tltcrc nrc  Scv(ral  o~,crl issues \vllicll  rc]llitill to lIc rcso]vcd
l,cforc tttc l,rcscllt al~l>roacll call  l)c rlladc to }rork rclial)ly ill i)racticc:
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11. I{txlllcti<,tl of :I(l:ll,t ive trallsirlll

1 2 .  Nlodificatiorls  lo lIIrrt  ?lCtUill(>r  salllratiotl C<,llsll;iilits

1 3 .  ltOIJustIIcss  to l)oullclcd  lJrclccss/l ll(f]s\lr(ll]cllt  rl(~isc

14. l{ O1)USIIICSS  to li)odc]  Order/dcldy ]Ilisltlatcll, ulIIIIodcll(,(l  dyll[l]llics

(kl]lccrltillg 11 al]d  12, large trarlsictlts arc oftcII  fxl)cric]lcd tvllctl silll~ll:ltitlgsystcrlls ~vit,lt adal,-
tivc lx-riodic cc)tttrollcrs. ‘J’llis i s  j]ar~ly  duc k ttlc mTlainty cguiucrl(nf’r  l,rc,l)cr[y  of tlic adal)tivc
colitrcrl  wllic]) i s  co]ltrollillg t}lc wo?~g plollt 7/12/// r_onuic/ion  lIIosl of Ltlc till)c. II I  ad(liti(~ll,  CVCII
llIc trallsi(tlt rcs~>ollsc ill tlIc ]Iolladtil>tivc  cdsr cal  I I)c ]ar~,c dIIQ to tlIc fast “ill~,(rse  ~)l:l!lt” It:ltllrc
of tllc c(]lltrol. lJIlfc)rt,ll]l?itcly,  l)c)l(’-j)l;icclIIcIIt  s(ratcp, ics ofl+r l i t t l e  rc]ir-f sillcr lJOIW of tlIc l i f t e d
syst, cIII arc associatd with tllc slow tiillc s c a l e  al)d l)cllcc  IIl{lst be kc])t llcar llIC ori:)ill  to IIlai]ltaili

rcasotlal)]c j)crforlrlallcc, l’or t}Ic llollad:ll~tivc case, it lI;IS iICCII SIIOWII ill  [ 5 ] [ ’ ( ]  tlIat  trallsictlts aIId
colltro] sig, [lnls calt  l)c sip, tlificarltly rccluccd  usillp, extct Ided }lori7c]]l  liftillp,s. I t  i s  IIO1)M1  tll:[l tliis
s;if JJP al)~jroacll  CaII  l e a d  to rcdud  tra Tlsicllts ill tllc adal)tivc case,

‘J’IIc algc]ritll)llj  ill tlIc l)rcscrlt }~a})cr is  liot rol)tlst  to l)ouild(d ~loisc, slid serves I)rirllarily to s]low

cqtlivalcllcc  of stat) ility co!lditiofis Iwtw(,cl)  direct alId illdircc~  al~[)r(mcllcs  ulldcr idea] collditiolls,
hlodific~lt  ions  sirtlilar to tllc dcadmllc  ill [ 1 9 ]  arc I)rcsctltly urldcr collsidcratioll to addrths i s s u e  13
ill tllc  direct adal)tivc ca se .

lsstlc 14 is l)crllalm tljc II)ost difficult to addicss. ‘J’}ic wtirtlitlgs col)taille(l ill CJOod\vitl  ;III(l  11’cllrr
[13] rcgarditlp, gcllcralizcd s:~llll]lifl~, lIIctlIods arc IIIOSt  rclrvcllt f o r  issue 14 , sillcc  OIIC II)llst  r e l y

olI lli~ll  frcqucl]cy }JlaTIt dyllalllics f o r  rclial)lc co)ltrol over  low frcquct)cics, A  ]Ilctllo[l I)rolmsc(l
ill IJwar]o [ 2 0 ]  i s  al)IJlical)le  to c)\rc’rlla r:it Jletri78tic J)l ill t}lc rcgulati O1l ~)rol~lclll, I>u L ])rcsc)ltly llns

]Io cxk]lsio]]  h tllc trac.ki]lg  IIK)I)lCIII.  Al(crIla(ivc  a])])roacllcs tmsrd oil ][lultil)]r ]IIodcl  I)aliks  are
C]llcrp,illp,, alId  lIIay  ~,lay aII iIltlmrLal]t  rc,lc irl tlIc  futur<.  (c f., hlorsc [23]).

Acl{IIcIwlcclgeIIIeI~is
‘1’liis rcsrarcl) ~vas l)cl-forlllcd  a t  tile Jet l’rol)ulsioll l,ii})oriit,c)ry,  c;aliforljia IIlstitu(c c)f ‘J’ccIIItoIop,y,
ultdcr colltr:ict wit,}l t h e  National Acroll:iutics al)cl S])acc  A(ltflillistrtltic)ll.
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A  AI’I)IONI)l  X A:  Su])])ort,ing lks~llk

‘1’l]c ~vl]olc poirlt of Al~I)clldix  A  i s  slio}v  ilI;  It tlI(  tllodi(itd /,ilill g(j, k) i s  I)oll])(lc{l alv:ty  fI(JIII  Y,(ro.

I, CIIIIII;I Al is used  to ljrovc  l,c]lltl]a  A? ~vl)icll cotlt:til]s tllc fit Ial des i red  r~:slllt,

lmIIIIIIa  A l  :  lmt tllc M1’-1{I,S alp,ori(lill]  (~{.1 ;{)(3,14) l)v al>l)licd to tl)c  ljorlllali~ul error wl~latio~]
( 3 . 1 2 ) .  ‘J’J,c,, tl,c cs(il]}atc ik aIId  ih }Jc)ldr factcr ,f’~ i,, (3?2) are cxl~lici(ly  l~o,,,,dcd  fro],,  al)ovc  a s

follows,
~/kiJ{.’ <90.1 (.4.1)

s~ < #)<t. ] (/1.2?)

w]lcrc,
(k : ir{oor’  }  -1 q, .tr(l~)) (A.3)

l’llmf: {;olwidcr tllcll)atrixil  lc(ll]zllity,

( x - l  )’)(/Y-l }’y<?(xx~’-l }}’~’) (A.4)

At t}lisl)oirlt, O])C call  c.c]~lstruct tllc fc,llc,\\,il]p,sccl\lcrjcc  of il]cqualiticsl

~ik ~);’ ~ ok{);” (A,r5)

<  ?( f7{oor’’}-l  ?[).  ti(li,)).  l :  ?fi .1 (A .9)

IIcre, illcqualit,y (A,6) fo]lowsfrcr)ll Illc f a c t  tl]at <)k{)~’ : l~kl~j’-I ~,k~,~’; IIlcquality (A.’7) follow’s
frc,lll  (A.  !j); l~lccl~laliiy( A.8)fc)llc)\\rsf  rc,ll)t }lcf:tcttll:it X < ir{X}.1 fc,ra~ly  syl]llrlct ricllc)ll-  rle~ati\’<’
dcfillitc IIlatrix X; l~lrxluality  (A .9) follo~rs  fro]rl  JJrol)crty  1’5 of tllc cstilljator; al)d  (lcfitlitioll of a
irl (A.3). ‘J’llis l)rovcs resul t  (A,]) .

Usirlg  tllc I)o]ar <lccc,llll)c)sitic)rl (3.72) irl  (f\.9)  p,ivcs tllc rclatiotll

IIe]lcc, for af)y vector y,

\vllorc  use  IIas bcc  II IIladc of ( A . ] ( ) )  aIId llIr c)rlllop,c)ll;ility  ~~ro])crty Q~’Q~ z 1. Sillcc  y i s  a r b i t r a r y
ill ( A . ] ] ) ,  OILC CaII co~lcludc  tlIat,

s’; < ?() 1 (,4.12)

wllicll  F;ivcs (A .2)  111)011  takit)g  tlIc squarr  m o t . ●

lxnn III* A 2 :  1x4 b. Le a ]]ositivc scalar SIICII  tlIatl

1,7’1) > fl(, l >0 (.4.1:))



IcI llIC h’ll’-lLIJS algorillllli (3.13 )(1; .14) II( :Il)l)lic(l (C) II<)rlll:tlirfcl error mlll:l(iotl  ( 3 . 1 2 ) .  ‘1’tirll  tllr
F,i(itl tllodificntioll  dcfilld I)y (3.20)  Cllsllr(s  ~ll:lt  ,

(A.14)

wllerc,
~ : ? IIlax(’u[), /1[,) (/1.15)

c1 : t? ’{c)w} -1 tJ[, . i (Ii) (A.16)

I’I”(K)E IMillc,
[~~ : ab~.?k  “ (.4.17)

lir:trral!~illp,  (A.17)  atld usiil~, (3.29)  ~,ivcs,

A])])]yillg tl, c IIlatrix illcqllality,

( x  }’)~’(x } ’ - )  < 9( A-2’X  -1 F)) (A.?())

At th is  I)oillt, O]IC call  co]lstruc(,  tllc fol]owirlg  scql]c]lcc  of iIlcqualitics,

- (
f? ’{ fi;’pk}1,~1, < 2 j,~’l,k-l  i~.ik

)
(,4.?2)

5 -@-’@ (A.27)

JIcrr, irlcqufi!ity (~1.22) fcjllol~s fro])) (A.21) t]y usirlr,  tllc rllatrix irlqua]ity ,Y7’}’X < X1’.Y tr{}”}
valid for ally sylllrllr~rir ~lorl.llc~,ativc  dcfillitc Y’; II]cquality  (J~,23)  f o l l o w s  I)y using t,llc dcfirlitiol[
of /’i’k ill ( A  , ]  7 ) ,  C} ICJ]CSk Y Fdctors ([\.?&), aIId l)rol)ertjcs of t,llc t r a c e ;  ]Ilccltla]ity  (A.T4)  follc)\vs l)Y
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l,r{,l,crty 1’2 oft,l,c cslifl)a(,or; l,lll:lli~y  (,\.2~J)  fc,ll(,\vs I)ys[tl)st,itlltit,p;  (11( l,<)lar (ltcc,llil,c)si~ic)ll  (:}.22);

Illcqualiiy (A .2G) fo l lows I,y rcsl)ll (A.?) of  lK,IIIIII:I  I\]; ltl~(liiality  (A.2i’) follc)ws I)y tlIr  d(fitlitiol)
of ~ ill (A. lb);  aII(l  cquatio[l (A. Ys) folto~vs  I)y tlI[ orLllcJp,oll:ilit,y”  of Qk aIId tlIt,  strllc(~trc of’ llIC
IIlodili(d  gairl  I,A. ill (3 .27) .

lJsitIgI, (A.13) aII(l (A.28) p,ivcs tl~)c)l~ squari]l~,,

ltcarrallp,irlg, gives tlIe  desired result (A.14).

]1 AI’I’lI;NI)IX  11: ZCIW Anni]li]at,i]]g liif(,il~gs

(A.’N)

●

(;otlsidci tllc illl)ut/cJutJ)ut  Illc)dcl,
42- ‘)?/t = f\(2- ‘)?// (1).1)

7, f,

wllcrc l)olyllo~tlials ~ aIId B arc assuTIIc(l to bc r e l a t i v e l y  l)rirllc.  It is aSSLITIICd L]lat bl # 0, so tlIat

l)IC  IJolylloll[ial l; call  l,c fachrcd ul, i(]uc]y  iiItO tllc for]ll  f~(z-  ]  )  = z- d I),l;(z- 1, }Vllcrc I;(z- 1, js

IIlollic  alt(l  d : 1 is tllc ~Jlallt dC’lil~. Tllc clloicc  d = 1 is for coltve]lic)]cc  o]tly  arid  is ]101 a flllj(lar[iel~tal
rcstrictiml. 111  tllc c.asc that  d + 1, all sulmcquc]tt  cx])ressio~ls  caf I l~c zl~)ljroIlridtcly  IIlodificd  )vitllout
loss of gr]lcralily.

(Tc)llsidcr I)rcakillg tllc il)~)ut and outl]ut, sig,llals  i)lto wilidows  of lc]IgLfI N  > 2T{ - 1 i~llcrc,

All)crtm [ 1 ]  IIas  sllowl)  that tllc lllal)~)illp, hct\vcclI t)Ir vcclorizcd quarlti(ics ol)eys t,llc rel:ltiollsllil),

wllcrc ]I}atrices Aa, lla,l~a call  I)c writte]l ill tcrlj]s of t}lc clctl[c]lts of tlic })olylloll]ia]s  J al,d B

It is useful tc~ cc,]lstruct  tllc  “slIIall” v e c t o r  }’~ froltl ccrtai]l colll}lolivllts  }’] ( k )  as fOllO\vs,

‘J’IIc co]lll)ol]c]its o f  }’;(k) t h a t  arc 1]0( I)ut  into }’~. drfir]c  t}lc c o ) / / p l ( T ) / c n f f 7 r y  OutI)ut  vector
Y; : .$~}’  f(k), w i t h  a s s o c i a t e d  sclcc(ioll r[latrix ,$~.

‘J’})~ ~cdc)rid  q~]~]ltitics  yk, )’:, [~k (] Cfill(  ~ “]if[(’(]  S~St(.1[1”. It cfiIl t)c Sllowll [ ’1][5]  Lllat tllc
lifted systctll has  tile follmvi!lg  dyllarllics,



●

I“llr’(llcr’lllm, for  sl,ccial clloiccs  of sclcctioli  IIlatriccs S,, and ,$U p,ivctl ill [ 4 ] [ 5 ] ,  (lie  syslcIII

dyr,a][lim (11) sir,,,lify [0,
}’~ : sv A*&$’;’)’\..  ] -[ Sylla,  $’:’(li (1;.4)

1( is ]]c,tcd fro]ll  (11.4)(11.5) that, tllc cc]l]ll~lclllclltilry  sig]lal  }’/  II( J lorlp,rr  COU1,lCS  ill[o tllr }’~. dyarltics,
11’urtlicriIIC,rc, tl,c d e l a y e d  ili~~ut  lIas vallisllc(l flolll t}lr  dyIIaIIIics. \Yi[}l t}lis Structrlrcl Iltr trarlslllis
sic)]] z e r o s  frolll 11~ to Yk ]Iavc t)cc]l  I)lacd at t,llc origin , a]id tllc class of lift  i]lp,s is said to l)c 2c?0
oT/Ttihz/{Itzn,q.  (Jc)lcral c]asses of suc)i mm allllillilatitl~, lil”tillgs  were dcvclol)d  irl IIayarxl  [4][.5], Ivllcrc
lmailo)s liftiflg [ 1 9 ]  calt  Iw sl]owJI (0 I)c tllc s~jccial  case N  : 271 a]ld  0,, = crY : 71. l:urtllcrtllorc, Ille
IIlatrix l)reillllltil~lyirl:; tllc corltrol {1~ earl l)c SlIOIVII to I)c ~(111 7flr/k, alId lIrl Ice i s  al}vays  irkvertit)lc
for  control ~)urj)mrx  (illvcrsio]j is ir] a rllirlillll]]ll-]lclrlll  sclisc  for llolquarc Ii ftillp,s 01, + cru [5]). ‘1’lIc
]Ilaitl  irl)~)c)rtarlcc  of t]lesc ]iftirl&s is t}lrrt t]ic ]iftd Lr:[rlsft’r furlc(iorl  frc)rll lJ’~ to }’~. is rl[iriirilllrlll)]i~isc’
regardless of whctllcr Lllc orig,illrr] l~lal~t is lrlilli!rlurli  or ]Ic)ll-lllil}ilrlllll]  }>llase.

‘J’llis ~)al)rr  focuses 011 ada],tivc co~ltrol  for  tllc toI, cquatio]l  (11.4), ‘J’llis is rcasollal)lc sirlcc  (1{.5)
does Ilot coLrJ]lc irllm ( 1 1 . 4 ) ,  arid  llIc cc)lrll)lcrllcrit:lry  siglial Ykc i s  a  lKIIIIIdd fullctic)]l of I,otl] >’~

aIId  (Jk, IIldccd, arly  adal)tivc co~lt,  ro] SCIIC]IIC w}licll crlsurcs I)oullddrless  c~f (Jk aIId >’~ will  cilsurc
I)otl)ldcdr]css of tlIe coll]l)lclllcrli:iry siF,rlal }~.

[1]

p]

[3]

[4]

[b]

[G]

l). All,crtos, ‘(lilock  IIiultiratc irll,lrl-c~(lt])llt  l[l(,dcl  f o r  Silrll])lC(l-  (lilt?I  corltro]  systcrlls,”  11;1;1;
‘J’rarls. AutolIlatic  ~c)l,trol,  vol.  35, ]K). 9, II]). I08E) 1088, Sel~tcltll]cr  1 9 9 0 .

K.J. Astrolll, 1’, IIagalidcr, arid J .  Stcrrll)y, “Zf’ros of Sal]l])lcd systcrlls,” ~\utor  Ilatica, VCJI. 22,
])j), 19{) -?07, 19s6.

S .  IIar]tc(t, Mairiccs: Mc[hods and ~l],plicafions, (;larcrld(,rl l’rcss, oxford  l;r),glal[d,  1990.

1). S, ]Iayard, “ Z e r o  arlltillilatior]  II)ttlic]ds for direct fidaI~tivc  col]trol of Jlc,llllli rli]lllllll- l)ll:tsc
Sys(ell]s,  ” ScvcIIt}I  )ralc \VOr!isllO[)  0 1 1  AdaI, tivc arid lcarrlir]g Systcrlls, Ncw llavrII, ~k,lll~cctic{]t,

Nlay ? ( ) - 2 2 ,  19!)2; scc  also J1’1, IIltcrllal lk)curllcllt 1)-9,~48, lchruary 3, 1992.

lJ. S. llayard, ‘(l;xtc]]clcd  llorizc~rl liftirlgs for stal)lc irlvcrsiorl  o f  ~lc)rlrl liriill)~l lli-~)}ltisc systctlls,”
11’;1;1;  ‘1’rarlsactiolls  ott A~]tclrrl;itic  (;olltrol (fort hcorllirlp,  j 1994);  sw also JI’1,  lrltrriial Ik)culllc]}t
1)-10616,  Nlarcll  16, 1993.

1). S. llayarcl, “(bllvcr$ellcc l]rol~crtim of ttlc IIc)rtllaliwd  Xlt(trix-I’:\r:il llctcr l{l{S al~,oritl)lll  ,’)
Jet l’rol)ulsic)l]  ],al)oratory, lrltcrllal l)c~cul(lc[l(,  irl }trcl,aratio~},



[-i]

[8]

[9]

[1(.)]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[2?()]

[2?1]

[x?]

[X3]

1). S. Ilayar{l  :Illd 1). lk,(]ss[ilis, “N(JtIc(Jl(JciI~,(tl s[ructllra] vil~r:lt,ioli sllIJl)r(wic)ll  Ilsillp, Xoro Alltii

}Iilalio]l  l’cri(l(lic  r-o)ltrol, ” YII(I 11’;l;l~ ~~ollf(ri’llr(  0 1 1  (k]tltr(jl Aj~l,lic;iticj[ls, \’iill(’c)lll’t’l’ (’;lll :1(1:1,

Sc\,t,cllll,cr 13 16, 1993.

1).S.  IIayard arid 1). lk)us~alis, “ltls[c(llllcllt  I]oitllirlg,  trttckiflg aIId vil)ra[ioll slll)J,rtwsiori  IIsillg
Z e r o  A]lllillil:itic,li ]’criodic (ZA1’)  co]ltrol ,’) S1’111  J .  ol)tic:,l l;ll~,illwrilt~,  (fortllcot,tilig, 1994),

1 ’ .  lk)lzcrll, I’. (hlallcri, afI(l  1{. Sc:ittolilli, “Xcrcm of discrd(.-tilrlc  I)criodic lillcdr syskfi]s, ”
11;1;1; ‘J’ra]ls. Al]tc,l,]atic Co]ltrolj vol.  A(~31, l,]). 10 .56-1058 ,  1986.

hl. A. IJalll Clil I’. CJ. Volllgarisl a!ld  1,..S. Valaval ii, “ol~tirll:ll and robust mlltrol[crs  for ]~criodic
alI(l IIlultiratc systciiw,  ” 11}1;1; ‘J’ratls. Auto]llatic  (;o]l(  roll vol.  A(.;.37,  TIO. 1, 1)1,. !)() 9!), ,Jalluary
1992.

11. A. l’rarlcis atld ‘1’.’1’. (;m,rgiou, ‘%tal,  i]ity t}lcoi-y for ]illcar tirrlc-il)l,ari?lllt l)la]]ts  willl  l)criodic

d i g i t a l  colltrollcrs,)’ 11;1;1; ‘J’rarls. Autolllatic ~;c,i~[roll vol.  A(;-33, Ilo. 9, })}). 8 7 0 8 3 7 ,  1988.

CJ.11.  (;oIII},  al]d  (1.1’. \~aTt ltoaTI, ~lcrtri~  C~r~JttI,IJ{c/ZCJ?ts.  Srco])d  };ditioll, JO}I]IS  }Iol,liills  lltlivcr-
sily l’rms, IIaltilllorc, 1989,

G,(; . CJoodwill  aIId  A. l’curr, Wcl, craliscd S:iIIIIJlC  IIold ftltlctio~,s: I’acts arid  fallacies,” ]’roc..
31st llI~lI;lI;  ~;olif.  011 lkcisio]i aIId (blltro], ‘J’UCSOJI, Arinlla, lk’clrlbcr  1992,

[~.(~. Good}vi]l  and K.S. Sill,  Arlopliuc  l“il[clivfl  l’rt-d2c/io7/ and  C~07/t701,  l’rcrlticc IIall, l;]l~le-
MWOd Cli{I’s, Nmv Jersey,  19S4.

A  .h~. Jaliul)cwslii, A A’cctitsiuc  IJca$i  ,$guaws  ,f’o/u/zoM io f/lc  A Jrrpiiuc  Z/l 1’ l’mhlf?i{, hlaskr’s
‘J’}lcsis, Ik],t. l’;lcctrical l’;ll~il]ecril]~~, ‘J’cIIII)lc IJl, ivcrsity, Jurlc 1993.

A  .hl. Jakul)owslii, J. IIclfcrty arid  IJ.S. )Iayard, “’1’lic dcvclol)~llcrit  ofa rccursivc  ZA1’ corltroller
}vitll sl)ccific  a]]l~licatiorlsirl flcxit)lc  sl)acc struct~lrcs,’) Slrlart St,ruc(urcs and IIltcllip,tllt  SystC]IIs;

]’art o f  S1’11(;  1994 h’or[]t  Al[lcric:irl  (;otlfcrcrt(c orl Slllart S t r u c t u r e s  arid  hlatcrizlls,  IJ{-18,
l“el)rlla~y  1994.

)’.’1’. l<a}mflll)a, “[k)rltro] of litlcar systcl[ls usirlg  gcllcralizcd stirll])lccl-cl:it:t  IIold furtctio]ls,’)
llI;lI~lI~ ‘J}arls.  Auto] llatic (k)]ltro], vol.  A[~- 2.4, })),. 772-783,  1987.

1’.1’. Ktlargo]lckar, 1{. l’rm]a,  A.  ‘J’tlrlllcJll):lllIll, “lio~)llsl  colltro] c)f li]lcar tirrlc-illv:~ri:lrlt  l,larlts
l)sill~; l)cric)clic cc)~ll~~c)ls:itic~lt,” ]1’;I’;]I~  ‘J’rarls. Al[lc)]li:itic  hJltrO], vol. A[;-30,  1~1,. IOWI( 196,
1985.

1{. l,ozar]c)l,  cal, “l{OIJLIS(  a(lal)tivc rcgulaliorl witl)ou( Ilcrsistcl)t,  cxcita(io]l)”  11;1;1; ‘l”rarls.  AII  -

tc)lllatic  (k] Jltrol, vol.  A(~-34,  I1O. 2, I)lJ. 1260 12G7, lkccrlll)cr  1S)89.

1/. l,wa]lc), ‘( Adal,tivc rcgul:ltioll  f o r  ovcrfl)odclccl  lirlcar systcills,” l’mc. 32r)d 11;}’;1; (’orlf.  C,JI

IJccisic,ll  and (;olltrol, Sari  Arltc,llio,  ‘1’cxas, lkcc]l~l)cr 1 9 9 3 ,

I{. Imzallo,  J-hi. lli(,ll, al)d  1,. l)ugard, “Sirlg,Lll:lrity-free :~dal)tivd  i,olc  IJlaccrl]ellt  using J)criodic
col!trollcrs,’) III;lI;II; ‘J’rarls. AutoIllatic (k,Iitro], vol. A~-38, JIO. 1 ,  ~1[>,  1 0 4 1 0 8 ,  Jallllary 10(13.

1{. ]Jozarlo  arid  G.rG. Goocl!vili, “l\ p,lol)ally  collver~,cilt  I)C)IC  ~>lac(ltlrllt.  alg,orit}]l]l  ~vitllout  l)rr-
sistc]jcy of excitatio]l rcquirclllellt ,“ ]l’; ]’;]<; ‘J’rtil)s. ~\utorllatic (k,]ltro], vol.  A(;-30, JIO. 8, lJIJ,

‘{<)> -797, Aug. 1985.

A .S. Nlorsc, “ A  gain Irtatrix [Iccc)]lll)c)sitio]l  artd
llcctrical l’lllgil)ccrill~~, J’al( Ullivcrsity,  l~c})rll~iry

1 :t

. .

scrJIIe of i t s  a[)~)licatic]]ls,”  ]{cI)Ort, l)c[)t. of
1992.



[’M] 1{. Orkga, “011  ]~criodic ?l(lill)tiV(>  stal,ilix:iti(~ii (,f IIc,l,-t,li,liiiillli,  l,lIas( systcf IIs,” 1’ICJC :\oll I
1};1;1;  (bllf. 0 1 1  lkcisi(~tl aII(l  (bt]trol, llri~,lilotl, lf;rlf;lafld, l)(:c(,trll~cr 1!)91.

14


